Open Access Article. Published on 08 2025. Downloaded on 2026/2/24 14:29:42.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy &

Environmental

Science

¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Energy Environ. Sci.,
2025, 18, 9611

Received 25th June 2025,
Accepted 26th September 2025

DOI: 10.1039/d5ee03588k

rsc.li/ees

Broader context

Unveiling capacity limitations of MnO,
in rechargeable Zn chemistry
Cheng Liu, 2@ Vlad Martin-Diaconescu, {2 ° Ashley Phillip Black,?

Siavash Khabazian,® Bernat Mundet,® Krzysztof Matlak,® Lorenzo Stievano,
Andrea Sorrentino, ©2° Laura Simonelli 2 *° and Dino Tonti {2 *?

ef

Aqueous Zn-MnO, batteries with mildly acidic electrolytes deliver attractive experimental capacities,
however the underlying mechanisms remain elusive, particularly regarding the interactions of Zn?* and
H* with MnO,, as well as the formation of Mn?* and Zn,SO4(OH)g-xH,O (ZSH). Although these products
are compatible with a two-electron dissolution mechanism, the observed first-discharge capacity is
limited to approximately 300 mA h g~* MnO,, close to that of a one-electron reaction. To address this
contradiction, commonly used a-MnO, nanowires were chosen as cathode material and investigated by
a systematic multimodal and multiscale approach under operando or ex situ conditions to analyze the
processes that occur during the first discharge. MnO, dissolution into Mn?* and ZSH precipitation were
confirmed, and the formation of a disordered phase at the nanowire surface with the accumulation of
Mn(m) was detected. An in-depth analysis indicates that such Mn(i) species correspond to protonated
corner-sharing MnO, octahedra, which, unlike the edge-sharing ones, are hindered from undergoing
disproportion, limiting the MnO, dissolution and explaining the reduced capacity. This comprehensive
mechanistic understanding opens new pathways for the selection of the most appropriate MnO, phases
and the optimization of electrodes to improve the performance of aqueous Zn-MnO, battery systems.

A safe and sustainable energy storage system is essential for achieving Net Zero Emissions by 2050. Thanks to the inherent safety, energy density comparable to
lithium-ion chemistry, and low cost, rechargeable mildly acidic aqueous zinc-manganese dioxide (Zn-MnO,) chemistry is drawing increasing interest.
However, while encouraging performance has been repeatedly reported, several contradictory mechanisms have been proposed. Notably, a contradiction
persists between the specific capacity and the most accepted mechanism. In fact, while a 2-electron MnO, dissolution into soluble Mn>" has been shown by
several authors, the experimental 1st discharge capacities are usually close to the equivalent 1 electron. Using multiple spectroscopy and microscopy
techniques, we verify that while the 2-electron mechanism is correct, a peculiar passivation effect builds up during discharge, involving the accumulation of
Mn-Mn configurations that hinder the second step, the disproportionation of Mn(u) requiring a fast charge transfer between Mn centers. Understanding this
essential problem unlocks the perspectives for a more comprehensive control of the electrode chemistry and the design of more efficient Zn-MnO, batteries.
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storage technologies that overcome the limitations of current
Li-ion batteries.”> One of the most promising options is
rechargeable aqueous zinc manganese dioxide (Zn-MnO,)
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make them attractive for energy storage purposes. Although
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current ranges has not been demonstrated consistently, and
significant aspects of the mechanism remain unclear.® Under-
standing the evolution and degradation of MnO, cathodes
in a typical mildly acidic aqueous electrolyte still remains
challenging,®'® because of the intrinsic system complexity,
arising from multiple equilibria and the formation of poorly
crystalline phases with several coexisting Mn redox states."""

Assuming a straightforward transition from Mn'vO, to
Mn(m)-based species in the cathode, a Zn intercalation/dein-
tercalation mechanism has been initially proposed.”>*® This
process in aqueous Zn and Mn electrolytes would produce
Zn-Mn compounds during cycling, which have been occasion-
ally observed ex situ by weak Xray diffraction (XRD)
signals.’**® Instead, the more frequent observations of zinc
hydroxysulfates, (Zn,SO4(OH)sxH,0, ZSH) formation, sug-
gested conversion or insertion reactions involving protons
(H"), along with the formation of MnOOH, “HMnO,” or dis-
solved Mn species."*>* Within this pathway, the formation of
ZSH acts as a buffer to hinder pH increase and stabilize local
pH fluctuations.>*">*> Consistently with this picture, Mn** dis-
solution in aqueous Zn>" electrolytes has been frequently
reported.”>?**®*” The most common explanation is that
high-spin Mn(m)-based species are inherently unstable and
affected by Jahn-Teller distortions, inducing disproportiona-
tion into Mn'O, and aqueous Mn>*"."> However, Mn(m),
expected as intercalation product or as intermediate for a
two-step reduction has proven quite elusive. Although previous
studies have reported various Mn(m) species using ex situ
characterization under ambient conditions,*>***%2° bulk-
sensitive operando data cannot detect them.

Several operando techniques, such as X-ray absorption
spectroscopy (XAS),>*! electron spin resonance (ESR),** X-ray
fluorescence spectroscopy (XRF),>* and Raman,** indicate a
dissolution/redeposition of MnO, involving a two-electron reac-
tion, with Mn"™VO, conversion to Mn>*, which then diffuses into
the electrolyte. Despite this evidence, the vast majority of
studies on chemically prepared MnO, report scattered values
of experimentally delivered capacities despite the limited number
of reaction paths, with a maximum delivered capacity typically
confined below 350 mA h g~ 'ymo,”**>**(closer to 1e™ reaction)
during the first discharge. Instead, the usual addition of Mn** to
the initial electrolyte to moderate dissolution can artificially
enhance the electrode capacity during cycling. The underlying
cause of this contradiction between experimental capacity and
the generally accepted 2-electron mechanism remains unclear.

Herein, this inconsistency was investigated using a combi-
nation of operando and ex situ techniques and data analysis
methods. Operando bulk sensitive XRD and XAS confirmed the
main mechanism of a-MnO, dissolution into soluble Mn*" with
ZSH formation. However, ex situ soft X-ray transmission micro-
scopy (TXM), scanning transmission electron microscopy-
electron energy loss spectroscopy (STEM-EELS), and Mn X-ray
emission spectroscopy (XES) revealed an increased presence of
a Mn(m) minority phase on the remaining MnO, nanowire
surfaces after discharge. Interestingly, the extended X-ray absorp-
tion fine structure (EXAFS) analysis allowed us to identify a
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decreased ratio of Mn-Mncgge VS. Mn-Mneomer contribution
in the discharge with respect to the pristine state, indicating that
Mn-Mngg. sites are the ones which dissolve along discharge into
the electrolyte, where their unavailability at the surface seems to be
the cause that terminates the 2e~ process before all a-MnO, is
removed.

Results and discussion
Capacity limitations

Several electrodes based on the synthesized o-MnO, active
material were tested in standard ZnSO, electrolytes with MnSO,
additive. The concentrations of ZnSO, and MnSO, additive in
the electrolyte and the loading of the «-MnO, in the cathode at
the pristine state were chosen as a compromise between
common electrochemical conditions reported in the literature
(e.g. for optimal Zn cycling** and MnO, stability'>***®) and the
absorption ranges required for optimal spectroscopic signal
quality of operando XAS. As depicted in Fig. S5, the effect of Zn
and Mn salt concentrations in the electrolyte is modest.
To understand the extent to which electron conductivity or
ion diffusion influences the experimental capacity, the elec-
trode mass loadings and carbon content were varied. As shown
in Fig. 1(a), while the experimental capacity shows different
trends depending on the electrode formulation, it remains
limited to ca. 350 mA h gfanoz. A lower current did not lead
to a substantial increase in capacity (Fig. 1(b)). Possible mod-
ifications in the electrolyte composition during cycling were
ruled out, because the capacity was not extended by refreshing
the electrolyte after discharge or using a significantly larger
volume, suggesting that the discharge capacity is intrinsically
related to the active material itself.

The relatively low capacity could be attributed to some
limiting mechanisms, or to a simple one-electron reduction
from Mn"™O, to Mn(m) species. However, Mn(im) as the main
oxidation state at the end of discharge should be ruled out
based on abundant previous literature,*>*’> and on the
results reported below. Nevertheless, discharge in an organic
aprotic electrolyte delivered only a small capacity (Fig. S4),
confirming the involvement of protons in the mechanism.

From another perspective, operando XRD data indicated that
incomplete MnO, dissolution was observed at the end of the
first discharge (Fig. S16). Admitting a 2-electron mechanism
leading to Mn*', a passivation of MnO, could prevent its
complete dissolution. In the past, ZSH formation was suggested
to block Mn dissolution.*® We carefully analyzed the details of
the o-MnO, surface by TEM. The STEM-HAADF images in
Fig. 1(c), (d) and Fig. S6 show evident lattice planes at the
surface of pristine o-MnO,. In contrast, the surface of the
discharged material was amorphous and irregular. The Mn,
K, and Zn distributions in the discharged state obtained by
TEM-EDX are shown in Fig. 5(e) and (f). The images show
similar Mn and K distributions. Instead, Mn and Zn do
not coexist (Fig. S7 and S8), confirming the absence of any
Zn intercalation in the o-MnO, structure. Remarkably, Zn is

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 First discharge capacities obtained from several cells using cathodes of different conductivities and mass loadings, with and without the MnSO,4
additive (a). Additional attempts to enhance the capacity of a-MnO, with low C rate (C/50), excess electrolyte (bulk cell), and refreshing electrolyte (C/10)
(b). STEM-HAADF images of pristine (c), and the discharged (d) electrodes. TEM-EDX maps of K, Mn, Zn, S, and O elements in the discharged sample (e).

essentially segregated at the surface. However, as shown in
Fig. S9 and Table S5 within the Zn layer, we found a S:Zn
atomic ratio of 0.076 + 0.009, far from the value expected for
ZSH (ca. 0.25), whereas the Zn: O ratio was close to 1: 1, which
is compatible with ZnO. The formation of ZnO could be favored
by a local increase in pH, which is associated with MnO,
protonation. To prove the specific role of pH and the presence
of Zn species in the electrolyte, the same electrode was dis-
charged in Zn-free, large-volume cells (Fig. S10). As reported in
previous studies,” the pH modulates the discharge potential,
but we observe that capacities are only slightly affected by the
presence of Zn. Since localized pH close to the surface of
a-MnO, cathode is challenging to measure, we stabilized pH
by using a bulk electrolytic cell with electrolyte buffered at pH
5.0 and 2.0 and under stirring, to minimize composition
gradients (Fig. S11). Particularly at pH 2.0, ZSH or ZnO for-
mation should be suppressed.’*>> Nevertheless, we observed
again similar capacities as in the thin-electrolyte cells. This
rules out pH or cell geometry as responsible for the capacity
limitation. A possible passivating role of ZnO, leading to
incomplete MnO,, dissolution and limitation of the discharge
capacity, seems unlikely.

This journal is © The Royal Society of Chemistry 2025

Mn oxidation state in pristine o-MnO,

Since Zn in the environment did not demonstrate a key role in
the discharge mechanism, we focused on the analysis of the Mn
active material itself. A more accurate estimation of the
expected capacity should be based on the pristine oxidation
state of Mn. The K: Mn atomic ratio determined by Inductively
coupled plasma-optical emission spectrometry (ICP-OES) was
0.107 £ 0.003, which corresponds to a Mn oxidation state in
pristine o-MnO, of 3.893 £ 0.003, assuming the formation of
stoichiometric Mn: O =1:2 and no oxygen vacancies (Table S6).

The energy position of the first-derivative maximum of the
bulk-sensitive Mn K-edge X-ray absorption near edge structure
(XANES) corresponds to an average Mn oxidation state of 3.89 +
0.05 (Fig. $12),'® which is in excellent agreement with this
value. Compatible results were obtained by fitting the XANES
pre-edge features with the corresponding Mn™0,, Mn™,0,,
and Mn" (aq.) references (Fig. 3(c) and Table S2). Moreover,
TEM-EDX showed a K:Mn atomic ratio of 0.082 + 0.006,
corresponding to a Mn oxidation state of 3.92 £ 0.01
(Fig. S13 and Table S7), where the minor quantitative discre-
pancy probably depends on the limited region probed. Both
TXM cluster analysis and onset energy analysis of the STEM-
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EELS data showed an evident Mn energy shift towards low
energies on the a-MnO, nanowire surface, implying an accu-
mulation of Mn(ui) species there (Fig. S14), in agreement with
the XPS data showing a high Mn(u)/Mn(1v) surface ratio, close
to 1 (Fig. S15).>° Considering an experimental initial Mn
oxidation state of +3.89 allows a more accurate estimation of
the theoretical capacity, resulting in 263 and 557 mA h gfano2
from the exchange of 1 or 2 electrons, respectively. From the
same initial value, after a discharge of 350 mA h g’jMnoz, an
average Mn oxidation state of +2.7 would be expected, which is
much smaller than that reported in the following, supporting
again the substantial Mn dissolution mechanism rather than
simply Zn or H intercalation in o-MnO,, which should instead
lead to Mn(m) in the discharged electrode.

Direct observation of «-MnO, dissolution

Operando XRD and XAS measurements were carried out to
follow the evolution of the main species involved along the
first discharge. The evolution of the XRD patterns is shown
in Fig. S16. During discharge, the intensity of the o-MnO,
reflections rapidly decrease compared with that of the Ti foil
reference. Meanwhile, ZSH continuously forms as the process
progresses. However, a few new weak peaks, possibly matching
defective MnO, with formula K, ¢Mn,Og appear (Fig. S17),
while incomplete o-MnO, dissolution is observed. Operando
Mn and Zn K-edge XAS data were acquired quasi-simul-
taneously in transmission mode on coin cells with Kapton
windows, with the cells assembled such that both the cathode
and electrolyte regions could be probed (Fig. 2(c)). The electro-
lyte composition utilized was 0.5 M ZnSO, and 0.2 M MnSOy,,

View Article Online
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and the electrode loading ca. 2.12 mg cm™ > to optimize the XAS
signal. The possible effect of the X-ray beam on the studied
system was characterized and suppressed prior to the operando
measurements by unfocusing and attenuating the incoming
beam. The spectra at the exposed point at the end of the
discharge overlapped with those collected at a freshly irradiated
point in the same state of charge, whereas the delivered
capacity along the first discharge was 275 mA h g’anOZ,
comparable to typical laboratory experiments (Fig. $18), validating
the representativeness of the reported results.

Mn and Zn K-edge XANES evolutions along the first dis-
charge, carrying out information on the Mn and Zn oxidation
state and local environment,””*® are presented in Fig. 2(a)
and (b), respectively. The intensity of the signal related to
dissolved Mn®>" (aq.) continuously increased during discharge
at the expense of a-MnO,, evidencing a few isosbestic points,
indicating direct conversion without intermediates. Similarly,
the Zn®>" (aq.) signal decreased, whereas the ZSH signal
increased during discharge, also showing few isosbestic points.
In both cases, the electrolyte signals remained unaltered during
the entire discharge process, indicating that no additional
soluble Mn or Zn species were formed (Fig. S19).

The evolution of Mn and Zn species was quantified by LCF
with respect to the electrolyte and o-MnO, or ZSH references,
respectively, and confirmed by advanced statistical methods
(PCA and MCR-ALS analyses). Indeed, the PCA of the operando
Mn and Zn K-edge spectra collected during discharge identified
two components, which were then reconstructed using MCR-
ALS (Fig. S20). Both LCF and MCR-ALS reliably reproduced the
experimental datasets, with consistent results between the two
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approaches. Moreover, the evolution of the Mn and Zn absorp-
tion jumps for the spectra collected on the electrolyte and
cathode allowed the determination of the electrolyte Mn and
Zn concentrations and the actual amounts of MnO, and ZSH
species present in the cathode during the measurement. The
calculation details are reported in SI Part I. For the Mn K-edge
(Fig. 2(d)), the molar fractions of the two Mn components
varied linearly with capacity. Deviations from linearity were
observed in the evolution of Zn species (Fig. 2(e)), with a clear
saturation effect at the end of the discharge owing to Zn**
formed from anode dissolution. The quantitative correlation
between Zn in ZSH and Mn in MnO, form (Fig. 2(f)) instead
remained almost linear throughout the process, with only a
small deviation at the end of discharge. This confirms that
a-MnO, dissolution and ZSH formation are the main processes
occurring during discharge. The deviation from linearity for the
last points indicates that the ZSH formation rate decreases with
respect to Mn dissolution towards the end of the discharge.
This may be related to the previously described presence of
ZnO, which may form preferentially in these later stages.

To explore the dissolution from the point of view of the local
structure, Fourier transforms (FTs) of operando Mn and Zn
K-edge EXAFS spectra are shown in Fig. 3(a) and (b). Absence of
peaks at the same radial distance in the Mn and Zn K-edge FTs
exclude the formation under discharge of Zn-Mn mixed-
phases. Indeed, at the Zn K-edge, the features at approximately
1.58 and 2.68 A correspond to the contribution from Zn-O
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(first shell for the Zn*' (aq.) and ZSH phases) and Zn-Zn
(second shell of the ZSH phase), respectively. At the Mn K-
edge the features at around 1.45, 1.83, 2.42, and 3.00 A,
correspond respectively to contributions from the Mn-O (first
shell for the o-MnO, phase), Mn-O (first shell for the Mn>* (aq.)
phase), Mn-Mn,g,. (second shell with edge-sharing octahedra
for the o-MnO, phase), and Mn-Mn omer (Second shell with
corner-sharing octahedra for the o-MnO, phase), as shown in
Fig. S21-S23, and Table S8. The changes in the intensities of
the Zn and Mn radial distributions correspond to the decrease/
increase in the corresponding phase content as the discharge
progresses.

The erosion and fragmentation of the pristine o-MnO,
nanowires is evidenced by the decrease in the Mn-O feature
at 1.45 A, whereas the ZSH deposition corresponds to the
development of the Zn-Zn distance peak at 2.68 A. Interest-
ingly, the intensity of the Mn-Mn,qg. contribution decreased
faster than that of the Mn-Mn omer (insert in Fig. 3(a)), which
instead remained approximately constant, with the contribu-
tion of both peaks significantly above the noise level (Fig. S24).

To explain these results, we propose that the Mn-Mngmer
configuration is essentially maintained when the surface layers
of the crystal are protonated and Mn reduced. As a conse-
quence, the charge transfer implied by disproportionation can
occur under these Mn-Mnomer and Mn-Mnegge possible con-
figurations, but with the shorter edge-shared configuration
being much more efficient. As a result, the formed Mn(u) will
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Pre-edge evolutions and fits of the pristine and discharged samples (c).
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dissociate from its oxygen ligands so that the corresponding
octahedron, mainly originally in the Mn-Mn_g,. configuration,
is lost. This would bring to an accumulation of inactive proto-
nated and reduced Mn-Mnqer Octahedra, which would block
further reactions.

Mn oxidation state in the discharged electrode

The Mn K-edge pre-peak and Mn Kg, ; XES features are sensi-
tive to the details of the local Mn electronic properties. During
discharge, the evolution of the Mn K-edge pre-peak shown in
Fig. 3(c) suggests an increase in the Mn(m)/Mn(wv) ratio,
whereas the ex situ Mn Kg, ; spectra are compatible with a
minor overall increase in Mn(m) in the electrode (Fig. S25).
Complementary information was obtained at the Mn L-edge,
which is usually more sensitive than the K-edge to oxidation
states, and is less affected by the local coordination
environment.’” In particular, ex situ TXM, in situ Mn Ls-edge
STXM and ex situ STEM-EELS experiments were carried out to
assess the spatial distribution of the detected Mn and Zn
species, where microscopy allowed the detection of inhomo-
geneously distributed minority species. TXM clearly shows that
the nanowires in the discharged state (Fig. 4(b)) were eroded
compared with the pristine ones (Fig. 4(a)), appearing broken
and shrunk in both ex situ and in situ images (Fig. $S26) because
of the a-MnO, dissolution. In situ STXM confirmed the wire
erosion and spectral changes observed by ex situ TXM (Fig. S26¢
and d). As detailed in eqn (S23), we define a shape index for the
Mn L-edge spectrum as the arctangent of the absorption feature
intensity ratio at energies of maximum sensitivity to Mn(ur) and
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Mn(iv) species.’® Thus, the shape index is directly related to the
degree of contribution of Mn(im) to Mn(wv). In Fig. 4, the higher
shape index distribution reflects the higher Mn(i) content on
the surface of the nanowires, with an average shift towards
reduced Mn after discharge, as indicated by the peak shift in
the histograms (Fig. 4(c)). This is consistent with the Mn(m)-
rich surface determined by ex situ X-Ray photoelectron spectro-
scopy (XPS) analysis (Fig. S27). The fact that all the distribu-
tions generally shift towards higher values of the shape index
without new obvious components in the histogram indicates
that no localized new phases are formed within the TXM spatial
resolution (ca. 40 nm, half pitch). In addition, the shift is
modest compared to the position of the Mn"™'OOH reference,
as reduced Mn still involves a small fraction of the remaining
Mn. This reduction was further confirmed by the lower onset
energy of the Mn L; edge,®® as shown in Fig. $28. To appreciate
the variability of the spectra, image pixels were grouped within
ranges of the shape index, and their L; edge spectra were
averaged (Fig. 4(d)). The averaged Mn L; edge spectra clearly
show the coexistence of the majority Mn(iv) with a character-
istic sharp peak at 641.7 eV and a minority reduced phase. The
discharged sample shows that more reduced Mn is found

towards the surface of the nanowires (Fig. 4(c)). Cluster analysis
of STEM-EELS showed a similar difference between the bulk
and surface spectra (Fig. S28a-c). Given the minor contribution
of Mn(u) in every image pixel, the spectra reported in Fig. 4(d)
do not show major variations. However, the three pure compo-
nents were clearly differentiated by PCA and MCR-ALS (Fig. 4(e)
and Fig. S29).
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Fig. 4 Maps of shape index of the Mn L-edge, sensitive to the Mn reduction for pristine (a) and discharged (b) electrodes. Corresponding histogram (c)
and average spectra for different ranges of shape index that are considered sufficiently representative of the collected pixels and used for PCA and MCR-
ALS analysis (d). Relative concentrations of the calculated Mn L-edge components determined by PCA and MCR-ALS (e).
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Two components are already present in the pristine sample
and can be attributed to the bulk «-MnO, and to surface Mn,
which has an increased Mn(m) character, as discussed pre-
viously. After discharge, the concentration profiles of these
components remained almost unchanged. A third component
only appears in the discharged sample towards the surface
and corresponds to a spectrum with a threshold shifted by
more than 1 eV towards lower energies and resembling Mn;0,.””
This signature suggests that some of the Mn(u) formed by the dis-
proportionation of Mn(m) may remain trapped in the solid oxide.

Finally, TEM-EDX fittings of the discharged samples indi-
cated the same K:Mn ratio of 0.082 £ 0.006 as that of pristine
a-MnO,, suggesting that K was not preferentially dissolved or
retained as a-MnO, was reduced (Fig. S9 and Table S7).

The cause of the capacity limitation

In summary, the reported data are compatible with protonation
as the first step for the discharge reaction:®

Mn"O, + H' + e > HMn'"0, (1)
quickly followed by a disproportionation reaction.

HMn™0, + HMn™0, - Mn™0, + Mn*" + 20H~  (2)

We indicate as “HMn™0,” the Mn(m) produced by the
reduction of Mn"™vO,, not having obtained evidence of a specific
compound and with the formation of a soluble Mn(m) being
unlikely. Thus, Mn(u) remains solid during discharge and is
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converted into soluble Mn>* and back to Mn'VO,. The increased
amount of reduced Mn suggests that some Mn(m) intermedi-
ates and even Mn(u) products might remain trapped as solids
in the disordered surface layer of the a-MnO, remnants.

It is important to stress that reaction (2) actually implies an
electron transfer from one Mn(ui) to another Mn(m). Based on
the Mn K-edge EXAFS results, it can be proposed that only edge-
sharing couples of [Mn"™0Og] octahedra are capable of efficient
Mn disproportionation (Fig. 5(a)). Even if metal-metal coupling
in oxides can be extremely complex,®*®* this electron hopping
seems easier for edge-sharing sites but more difficult for
corner-sharing units, which are separated by a larger distance
and eclipsed by the oxygen shared by both octahedra.
As captured in Fig. 3(a), the dissolution process removes
edge-sharing units; therefore, corner-sharing octahedra accu-
mulate at the surface, which become richer in Mn(u/m) and
amorphous species (see Fig. 5(b)). This blocks further electron
transfer, deeper protonation, and/or Mn>" release, thereby
acting as a passivation layer.

Interestingly, the literature does report high coulombic
efficiency when manganese oxide is deposited electrolytically,
typically under potentiodynamic or potentiostatic charging,*”~**%>%”
To prove if a specific Mn coordination is involved in such cases,
Mn oxide electrodeposited from a solution of ZnSO, and MnSO,
buffered at pH 4.2 was investigated. The obtained electrodepos-
ited MnO, appears disordered and nanostructured (Fig. S31),
consistent with layered birnessite-MnO,, as indicated by its
comparable EXAFS features and lattice spacings in the electron

b

edge-sharing intensity (%)
85.0
74.4

0 1 2 3 4
R Space (A)

Fig. 5 Proposed mechanism for the evolution of the a-MnO, surface during discharge (a), scheme for the charge transfer required in the second step of
MnO, dissolution (b), and comparison of discharges for obtained by two different MnO, phases with respect to the theoretical capacity. (c) and the

respective FTs-EXAFS (d).
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diffraction pattern.’®®® Also in our case, we observed discharges
with a coulombic efficiency above 90% (Fig. S30). The FTs-EXAFS
spectrum (Fig. 5(d)) exhibits a strong peak at 2.42 A and a very
weak peak at 3.00 A, with less than 15% corner-sharing Mn-Mn
octahedra, demonstrating that the edge-sharing configuration is
essential for the quantitative dissolution of MnO,.

Conclusions

The capacity limitation and mechanism of rechargeable aqueous
Zn-MnO, batteries were revealed using a multimodal and multi-
scale characterization approach. Both operando XAS and XRD
confirm o-MnO, dissolution and ZSH formation during dis-
charge. The erosion of «-MnO, during discharge produces dis-
order and accumulation of reduced Mn species at the surface
of the nanowires. The substantial decline in the Mn-Mneqg.
distances vs. Mn-Mncomer SUggests that the second reaction step,
that is, Mn(m) disproportionation, requires edge-connected Mn
octahedral pairs. The accumulation of corner-sharing protonated
octahedra at the surface of the nanowires blocks electron and
ionic exchange before a-MnO, complete dissolution. Given that
capacity limitation is observed to different extents with most
MnO, polymorphs,®* corner-sharing Mn in the pristine structure
could be not the only factor limiting the capacity. The here
reported results suggest that efficient electron and ion conduction
paths in the active cathode material should persist during
discharge. Short diffusion paths, as typically present in nano-
structured particles,*>”® or doping,”"”* should effectively con-
tribute to an optimal discharge. However, nanostructuring,”> "’
or doping®®’®’° alone do not seem generally sufficient for
quantitative MnO, dissolution. Instead, generally high reversi-
bility is observed with MnO, phases electrodeposited during
charge. These typically offer faster ion/electron transfer that
originates from porous nanostructured and defective layered
phases,*® for which the isolation of corner-corner configurations
should be less likely, and short ion diffusion paths are expected.

Experimental
Materials synthesis

®-MnO, nanowire was prepared via a standard hydrothermal
method.*® Briefly, 3.5 mmol potassium chlorate (KCIOs, 99 + %
ACS Reagent, Thermos Scientific), 2 mmol manganese(u) sul-
fate monohydrate (MnSO,-H,0, 99%, Labkem), and 3.5 mmol
potassium acetate (CH;COOK, 99%, Thermos Scientific) were
dissolved in 30 mL Milli-Q water. After adding 1.6 mL of glacial
acetic acid (EssentQ, Scharlab) was added and stirred for half
an hour, and the homogeneous solution was transferred into
a Teflon-lined autoclave (50 mL, Canrd) and maintained at
160 °C for 12 h. Finally, the as-synthesized sample was filtered
under vacuum using Milli-Q water/ethanol and then dried at
60 °C overnight. The o-MnO, nanowire powder had a single-phase
tetragonal structure (I4/m, PDF#00-044-0141, K; 33Mng04¢), which
consisted of a typical 1 x 2 [MnOg] tunneled framework with
K" ions partially occupying the tunnel center (Fig. $2).°'
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Transmission electron microscopy energy-dispersive X-ray
spectroscopy (TEM-EDX) and HRTEM confirmed that potas-
sium had a uniform distribution in the structure (Fig. S3).

Electrochemical measurements

Binder-free MnO, electrodes were prepared using o-MnO,
nanowires and multiwall carbon nanotubes (MWCNT) with
a mass ratio of 7:3. The normal cathode was obtained using
o-MnO, nanowire, carbon black (Super P, Timcal), polyviny-
lidene fluoride (PVdF, Sigma-Aldrich), and multiwall carbon
nanotubes (MWCNT) with a weight ratio of 80:9:9:2. The mass
loading of the o-MnO, electrodes was ca. 0.8-2.5 mg cm ~.
Electrochemical Swagelok cells were assembled with cathodes,
glass fiber separators (thickness, 270 mm, PRAT-DUMAS), zinc
foils (thickness, 0.125 mm, Advent Research-Materials), and
different aqueous electrolytes: 1 M ZnSO, with 0.2 M MnSO,,
and 1 M ZnSO,. To minimize the effects of the limited electro-
lyte volume, 40 mL homemade bulk cells were also used with
a-MnO, cathodes and Zn foils or carbon paper as anodes, both
with an area of 3 cm? in various aqueous liquid electrolytes: 1 M
ZnSO, + 0.2 M MnSO,, 1 M Na,SO, + 0.2 M MnSO,, or 1 M
ZnSO, + 0.2 M MnSO, supplemented with various buffered
agents, including 0.1 M potassium acetate with acetic acid
(pH at 5.0), H,SO,4 (pH at 2.0), and 1 M acetic acid adjusted
with ammonia (pH at 4.2). The configurations of the in situ coin
cells for operando XRD and XAS were similar to those of the
Swagelok cells, but 0.5 M ZnSO, and 0.2 M MnSO, was utilized
in XAS to obtain a better signal-to-noise ratio. A 6 mm hole
(coin cell Kapton window size) was made in the Zn anode to
allow the transmission of X-rays. Galvanostatic cycling tests
were conducted using a LANHE M340A cycler at different C-
rates with the potential limitations of 0.9-1.8 Vvs. Zn/Zn*", 1C =
308 mA g '. Operando XAS tests were conducted using a
BioLogic VSP potentiostat, and in situ STXM using a BioLogic
SP-200 potentiostat.

Material characterization

XRD patterns were collected by a Siemens D-5000 diffracto-
meter of Cu Ko radiation. Operando XRD data were acquired by
a Bruker D8 Advance A25 diffractometer in a Debye-Scherrer
geometry equipped with a Johansson monochromator of the
Mo Ko radiation and its standard transmission diffraction
collection mode. Scanning electron microscopy (SEM) was
performed using a FEI Quanta 200 FEG-ESEM equipment (10-
15 kV). XPS data were recorded by a SPECS EA10P hemisphe-
rical analyzer with a monochromatic Al Ko radiation. ICP-OES
was taken on samples digested by duplicate in a microwave
oven with a mixture of concentrated HNO; and HCI solutions.
Scanning Transmission electron microscopy (STEM), TEM-EDX
and STEM-EELS were acquired with a super-X EDX spectro-
meter and a Gatan Continuum K3 EELS spectrometer, respec-
tively. Spectra were collected at a beam energy of 200 keV with
an energy step of 0.9 eV. Mn K-edge XAS and Mn Kp; ; XES
experiments were carried out at the CLASS beamline of ALBA
CELLS synchrotron, Spain.®®® Ex situ energy-resolved full-field
soft TXM was performed at the MISTRAL beamline of ALBA

This journal is © The Royal Society of Chemistry 2025
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CELLS synchrotron, Spain.®* In situ scanning X-ray transmis-
sion microscopy (STXM) was carried out at the DEMETER
beamline of SOLARIS Synchrotron, Poland.®” The STXM images
were obtained at the energy of ca. 1010 eV to optimize the
compromise between contrast and radiation damage. More
details are provided in SI Part I.

XPS fitting was carried out with CasaXPS for Mn 2p3,, K 2p,
and O 1s lines following the procedure described in our
previous report.’® For XAS techniques, the Zn and Mn mole
evolutions in the electrode and electrolyte of the operando cell
were calculated from the XANES edge jumps with a in-house
model detailed in the SI. The EXAFS portion of the operando
XAS data was analyzed using ATHENA and ARTEMIS.**®” For
the fitting of the pre-edge, the baseline was modeled with the
Larch package.ss The MnO, and Mn,0; reference spectra were
taken as models of Mn(v) and Mn (1) components, respectively,
using the Hyperspy package.’*®> For XES measurements,
a linear background was subtracted in SpectroChemPy,”* consi-
dering 0.5-2 eV of the low- and high-energy tails. Subsequently,
each spectrum was normalized to its area. The integrated
absolute difference (IAD) with respect to a low-spin reference
method was utilized to extract the local magnetic moment
quantitatively.”*°® The ex situ TXM data were processed follow-
ing previous work.>**”?% In situ STXM images and Mn spectra
were obtained in aXis2000.”° (S)TEM-related dataset (HRTEM,
STEM-HAADF images, TEM-EDX, and STEM-EELS) were treated
with eXSpy.'°® More details are provided in SI Part I.

For big datasets such as operando XAS and ex situ TXM,
linear combination fitting (LCF) was exploited to extract the
relative ratios of coexisting components whenever the correct
reference set was available. Advanced statistical methods were
applied to all large datasets. In particular, principal component
analysis (PCA) was performed to determine the maximum
number of independent components necessary to reconstruct
the information contained in the entire dataset using both
MATLAB and the SpectroChemPy package. Finally, multivariate
curve resolution-alternating least squares (MCR-ALS) was
applied using the MATLAB-based MCR-ALS 2.0 toolbox,"*" to
determine physically meaningful spectra and corresponding
concentrations.'*>'%® For image stack datasets, such as ex situ
TXM and STEM-EELS, cluster analysis (CA) was applied to
determine spatially correlated spectra,>'** which was imple-
mented in eXSpy and Hyperspy.”>' The pixel analysis in
ex situ TXM was grouping spectra by shape index between
Mn(m) and Mn(wv) features. Additional details are provided in
SI Part L.
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